There are more than 100 known adenovirus (AdV) serotypes, including 50 human serotypes. Because AdV-induced disease is relatively species specific, vectors derived from nonhuman serotypes may have wider clinical potential based, in part, on the lack of ubiquitous memory immunity. Whereas a few of the human serotype capsids have been studied at the structural level, none of the nonhuman serotypes has been analyzed. The basis laid by the analysis of human AdV (hAdV) has allowed us to determine and compare the threedimensional structure of the capsid of canine serotype 2 (CAV-2) to that of hAdV serotype 5 (hAdV-5). We show that CAV-2 capsid has a smoother structure than the human serotypes. Many of the external loops found in the hAdV-5 penton base and the hexon, against which the antibody response is directed, are shorter or absent in CAV-2. On the other hand, the CAV-2 fiber appears to be more complex, with two bends in the shaft. An interesting difference between the human and canine viruses is that the C-terminal part of protein IX is in a different position, making an antenna sticking out of the CAV-2 capsid. The comparison between the two viruses allows the identification of sites that should be easy to modify on the CAV-2 capsid for altering tissue tropism or other biological activities.
Adenoviridae are nonenveloped icosahedral viruses with 26-to 44-kb double-stranded DNA genomes (26) . They infect a variety of vertebrates including mammals, fish, birds, and reptiles (12) . The more than 50 human adenovirus (hAdV) serotypes are the most extensively studied because of their ability to induce respiratory, ocular, and enteric infections in immunocompetent individuals. hAdV infections are a significant cause of morbidity and mortality in newborns and immunocompromised individuals (28) . AdVs are also used for gene therapy trials and anticancer treatments (6) although the widespread immunity against human serotypes severely compromises their use as vectors. Because AdVinduced morbidity is relatively species specific, vectors derived from nonhuman AdVs may be more clinically useful than those derived from human serotypes, based, in part, on the potential lack of ubiquitous memory immunity (cellular and humoral) (5, 11, 18, 30, 35, 36) .
One of the best characterized nonhuman AdVs is the canine serotype 2 (cAdV-2, commonly referred to as CAV-2) (29) . We previously showed that CAV-2 vectors could lead to preferential transduction of neurons in vivo (49) , long-term (Ͼ1 yr) expression in the brain (50) , and a lower cellular immune response (27, 49) . The majority of donors in a random cohort harbored no or only low levels of anti-CAV-2 neutralizing antibodies (30, 37) , and less than half of this cohort harbored anti-CAV-2 memory T cells (38) . When the donors harbored an anti-CAV-2 cellular response, it was on the average 10-fold lower than the response to hAdV serotype 5 (hAdV-5). Finally, in contrast to hAdV-5-based vectors, CAV-2 vectors poorly transduce or mature human dendritic cells or activate the complement cascade (37, 40) , both of which play pivotal roles in orchestrating and bridging innate, adaptive, and memory immune responses. These findings suggest that CAV-2 vectors may have specific clinical advantages, especially in terms of safety (39) .
However, there exist certain enigmas concerning various aspects of CAV-2 biology. For example, the in vitro paradigm for AdV tropism is predominately based on studies using hAdV-2 or hAdV-5 in epithelial cells. Initially, the fiber knob binds to the coxsackievirus AdV receptor (CAR) (4, 52) . Then, a conserved Arg-Gly-Asp (RGD) motif in the penton base binds to integrins, triggering endocytosis (24) . Although CAV-2 uses CAR to infect cells (48) , the capsid does not contain an identifiable integrin-interacting motif, yet it traffics in epithelia cells with similar kinetics (8) . Furthermore, although both hAdV-5 and CAV-2 use CAR, CAV-2 preferentially transduces neurons when injected into the brain while hAdV-5 preferentially transduces astrocytes (1, 32) . CAV-2 is also capable of an impressive level of axonal transport in neurons that can be up to 100-fold greater than that of hAdV-5 (49) . In addition, in contrast to previous studies with hAdV-5 (16, 17) , we have been unable to complex CAV-2 virions with divalent cations or lipoplexes (unpublished data).
To resolve these and other CAV-2 enigmas, we need to better understand the capsid structure. Based on the data from different hAdVs, the AdV capsid structure appears to be rel-atively well conserved. The capsid contains 7 out of the 12 polypeptides present in the virion. The major structural components are the trimeric hexons, 240 of which form the 20 facets of the icosahedron (51) . At each of the 12 vertices are a pentameric penton base and an externally projecting trimeric fiber. The atomic structures of these three individual components are known for hAdV-2 or hAdV-5 (44, 54, 58) .
The hexon trimer has a pseudohexagonal base with three towers extending upwards. The triangular top is rotated ϳ10°c ounterclockwise with respect to the hexagonal base. The loops extending from the irregularly shaped towers (44) have not been solved by X-ray crystallography, although they have been visualized and modeled in recent cryoelectron microscopy (cryo-EM) structures (15, 45) .
In contrast to the hexon, the penton base is wide at the top (58) . It has an overall tulip shape, with each of its five petals having a right-handed twist around the fivefold axis. The top of the base is almost flat with the exception of two protuberances. One of these extensions, which are variable in size depending on the serotype, contains the above-mentioned integrin-interacting motif. The other extension is a hypervariable loop that also varies in size depending on the serotype (20) . The trimeric AdV fiber contains a highly conserved N-terminal sequence that binds to the base, a thin shaft of variable length, and a globular knob at the distal end. The length, the flexibility of the fiber shaft, and the sequence of the knob domain also vary between serotypes (9). Four of the 23 repeats of the hAdV-2 fiber shaft were crystallized, and the resolved structure demonstrated a novel triple ␤-spiral (54) . Notably though, the entire fiber was not crystallized, probably due to its flexible structure. The number of repeats can vary from a minimum of five for hAdV-3 to at least 46 for bovine AdV-3 (BAV-3) (43).
Apart from these major proteins, the capsid is stabilized by hexon-associated proteins (51) . Using high-resolution cryo-EM three-dimensional (3D) reconstructions combined with secondary structure predictions, a new location of the minor structural proteins has been proposed. Protein IX forms a connected complex of four trimers in the middle of each facet (45) . Protein IIIa is located inside the capsid underneath the penton base, connected to its N-terminal part (45) . A total of 120 copies of protein VIII are located on the inner face of the capsid, and each makes the link between four hexon trimers around the three-and fivefold axes (15) .
Here, we have determined the 3D structure of the CAV-2 capsid and compared it to the known X-ray and EM structures of hAdV-5 or hAdV-2 by fitting the different atomic resolution structures into the EM density. Globally, we found that CAV-2 capsid has a smoother structure than the human serotypes. Many of the external loops found in hAdV-2 and hAdV-5 (hAdV-2/5) are either shorter or absent in CAV-2. On the other hand, the CAV-2 fiber appears to be more complex, with two bends in the shaft. The knowledge of the structure will allow the identification of sites where functional loops may be added to CAV-2 to potentially modify tissue tropism.
MATERIALS AND METHODS
CAV-2 vectors and recombinant fiber. CAVGFP and CAVpIX-GFP were prepared as previously described (30, 31) . Briefly, CAVGFP is a CAV-2 vector with a deletion of the E1 region and with a green fluorescent protein (GFP) expression cassette. The capsid contains no modifications. CAVpIX-GFP is a vector containing GFP fused to the C-terminal end of protein IX. All vectors were purified by double banding on CsCl gradients, and CsCl was removed using PD-10 columns (Pharmacia). The vectors were stored in phosphate-buffered saline containing 10% glycerol. Stocks were 2 ϫ 10 12 physical particles/ml with at least 1 infectious particle/5 physical particles. The approximately 1.7-kb CAV-2 fiber coding region was cloned in pBlueBac4.5/V5-His-TOPO (Invitrogen). Recombinant baculovirus was generated, isolated, amplified, and purified following the manufacturer's protocol. The His-tagged fiber was purified using standard protocols.
Negative staining. Four microliters of the recombinant CAV-2 fiber sample (ϳ0.1 mg/ml) was loaded in the mica-carbon interface as described previously (46) . The sample was stained using 2% sodium silico tungstate, pH 7.5, and air dried. Images were taken under low-dose conditions in an EX1200-II JEOL electron microscope working at 100 kV and with a nominal magnification of 40,000. The images were scanned on a Z/I Imaging scanner (Photoscan TD) with a pixel size of 14 m (3.5 Å per pixel at the sample level). A total of 800 fibers were selected using X3d (10), cut into 200-by 200-pixel squares, transferred into the SPIDER program (19) , and subjected to classification and averaging.
Cryo-EM. For cryo-EM, the glycerol was removed, and the sample was concentrated to ϳ1 mg/ml. Four microliters of sample was loaded onto a Quantifoil R2/1 holey grid (Quantifoil Micro Tools GmbH, Germany), blotted for 1 to 2 s to remove the excess liquid, and then rapidly plunged into liquid ethane cooled using liquid nitrogen. The frozen grid was transferred into an LaB6 CM200 Philips electron microscope using a GATAN 626 cryoholder. The images were taken under low-dose conditions at 200 kV (less than 10 e Ϫ /Å 2 ) and with a nominal magnification of 27,500. Each area was imaged twice using two different defocus values, starting with the image closest to focus. The negatives were developed in full-strength D19 developer for 12 min.
Image analysis. Negatives were screened for astigmatism and drift by optical diffraction, and only those showing information up to 12 Å were digitized using the Photoscan TD with a pixel size of 7 m (2.54 Å per pixel at the specimen level as calibrated using tobacco mosaic virus). The particles were selected interactively using X3d (10) and boxed into 447-by 447-pixel squares with a circular mask applied of radius 219 pixels plus four fade pixels. The images were corrected for the contrast transfer function effect, as described previously, using the program CTFMIX (10) . A total of 5,350 particles from 21 negatives were used in the image analysis process. Determination of particle origin and orientation were performed with the model-based polar Fourier transform (PFT) programs using the previously determined 3D structure of hAdV-5 (3, 15) . After PFT refinement was completed, a supplementary cycle was carried out using a new version of PFT, PFT2 (D. M. Belnap, J. B. Heymann and J. F. Conway, unpublished results). The final reconstruction was obtained using the PFT2 and EM3DR2 programs with a total of 2,780 particles (about half of the total). The resolution of the final map was estimated to 12 Å by Fourier shell correlation (53) calculated between independent half-data set maps and by applying a correlation limit of 0.3 (not shown). The same process was essentially used for CAVpIX-GFP, but we used Quantifoil grids covered by a thin layer of continuous carbon to increase the visible virus concentration. Only 800 particles were used in this reconstruction, which limited the resolution to 25 Å. Map visualization was performed using the programs WEB (19) and PYMOL (14) , and the contour level was chosen to include an average protein density of 0.84 Da/Å 3 . The EM maps were uploaded into the EM database associated with the Macromolecular Structure Database (see below).
Fitting of the atomic structures of hexon and penton base into the EM density. The atomic structure of the hAdV-5 hexon and that of the hAdV-2 penton base were placed manually into the corresponding CAV-2 EM densities using the program PYMOL (14). These manual fits were then optimized using SITUS (55) .
Molecular modeling of the 3D structure of CAV-2 fiber. To model the 3D structure of the CAV-2 fiber, we used the crystal structure of the homotrimeric C-terminal CAV-2 fiber head (residues 361 to 542) (47) and two known crystal structures of homologous proteins: reovirus attachment protein 1 (7) and the C-terminal part of the hAdV-2 fiber containing four repeats of the shaft domain followed by the head domain (54) . The hAdV-2 structure allowed us to model the last four repetitive elements of the CAV-2 fiber shaft and the region where this shaft is linked to the head. The N-terminal repetitive structure of the CAV-2 fiber shaft was also modeled by using the ␤-spiral fragment of the known hAdV-2 structure as a template and in accordance with the repeat alignment shown on Fig. 3 . The two longer repeats (see Fig. 3C , repeats 4 and 10) of hAdV-2 having 7-and 6-residue insertions in the middle of the repeats were modeled by using the crystal structure of reovirus attachment protein 1 (7). The 1 protein has one such long repeat containing a similar 5-residue insertion. The model was built by using the Insight II program (13) .
Comparison with hAdV-5. All comparisons between the CAV-2 and the hAdV-5 EM structures were done using the hAdV-5 3D reconstruction previously determined in the laboratory and freely available in the EM database associated with the Macromolecular Structure Database (http://www.ebi.ac.uk /msd-srv/emsearch/index.html) under accession number 1111.
X-ray structure did not fill the EM density. (C) Sequence alignment of the hAdV-5 and CAV-2 penton bases visualized with ESPript (23) . The RGD and hypervariable loops are indicated by bars above the sequence in the same colors as used in panels A and B. The RGD sequence is boxed with a black rectangle. Conserved residues are in white text and highlighted in red; partially conserved residues are in red text. The star highlights three extra amino acids present in CAV-2 compared to hAdV-5 that could fill up the density indicated by the star in panel B. The amino acids involved in fiber binding for hAdV-5 are indicated by blue bars above the sequence.
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Sequence alignments and structure prediction. All sequence alignments were carried out using CLUSTAL (http://www.ebi.ac.uk/clustalw/). Secondary structure predictions were made using PREDATOR (http://bioweb.pasteur.fr/seqanal /interfaces/predator-simple.html) and coil-coiled predictions were made using http://www.russell.embl-heidelberg.de/cgi-bin/coils-svr.pl.
Protein structure accession numbers. EM density maps have been deposited in the Macromolecular Structure Database at the European Bioinformatics Institute under accession numbers 1462 and 1463 for CAV-2 and CAVpIX-GFP, respectively.
RESULTS AND DISCUSSION
EM model of CAV-2. We determined the 3D structure of CAV-2 capsid by cryo-EM at 12-Å resolution. The dimension and the thickness of the CAV-2 capsid shell are similar to those of hAdV-5 (Fig. 1) . The icosahedral shape is well defined and exhibits the pseudo Tϭ25 triangulation number imposed by the trimeric hexon protein (Fig. 1A and B) . There are 12 triangular hexons per facet and one penton on each vertex. The hexons are packed in an orientation similar to that of hAdV-5, including the slight tilt at each of the 20 edges of the virion (30°v ersus 10°for the other hexons belonging to the same facets). The penton base also has roughly the same shape in both capsids. The CAV-2 fiber is flexible, which explains why only part of it was visible in the 3D reconstruction (Fig. 1B, star) . Finally, densities are present in the middle of the facet between the hexons. This density, attributed to protein IX, exhibits a triskelion-like shape, which is similar to that of hAdV-5 ( Fig. 1 ; see also Fig. 5 ). The CAV-2 penton base is smooth. Sequence alignment between the hAdV-5 and CAV-2 penton bases shows that 310 of the 571 amino acids are identical and that 14 amino acids are similar between the two species. However, the CAV-2 penton base sequence is ϳ20% shorter than the hAdV-5 sequence (477 versus 571) (Fig. 2C) . Nonetheless, the overall shape of the two pentagons is similar ( Fig. 2A) . A slice through the density (Fig. 1B) shows a cone-like geometry that fits perfectly into the vertices surrounded by the hexons.
The CAV-2 penton base isosurface representation is smoother than that of hAdV-2/5 ( Fig. 2A) . By comparing the EM structures ( Fig. 2A) , we identified two protuberances that are smaller in the CAV-2 base (Fig. 2A, right panel, red and orange areas). The atomic structure of the hAdV-2 penton base (99% identical to that of hAdV-5) was fitted into the CAV-2 penton base EM density in order to identify the residues that are responsible for the smooth appearance of the CAV-2 capsid (Fig. 2B ). The first difference is located in the hypervariable loop ( Fig. 2A, red area, and C, sequence indicated by a red bar), which is 3 amino acids shorter in the CAV-2 base. On average, the amino acids composing this loop are also smaller in size (PATADNFG) (Fig. 2C ). The second difference (Fig. 2, orange area) lies on the protuberances located on the top of the base that contains the RGD sequence in most hAdV (residues 289 to 379 for hAdV-5) (Fig. 2C) . Due to its flexibility, the entire RGD loop structure is not visible either in the atomic structure of the hAdV-2 penton base or in the hAdV-5 cryo-EM structure. This protuberance is also present in the CAV-2 base but is much less pronounced because it is only 12 amino acids long. The CAV-2 loop does not contain an RGD sequence. Despite the small size of the protuberance, it is clearly visible in the cryo-EM map. This reinforces the idea that the N-terminal part of the fiber interacts with the base of the RGD loop (20) and contributes to the size of the protuberance.
Next to the orange loop in the CAV-2 penton base there are three extra amino acids after the RGD loop, indicated by a star in the fit shown in Fig. 2B and in the sequence in panel C. This corresponds to an empty region in terms of both the fit and sequence (Fig. 2B and C, stars) . This could easily explain the smoother pentagonal shape of the CAV-2 base (slightly larger on the middle of the edge and smaller on the pentagon vertex).
According to our sequence alignment (Fig. 2C ), the N-terminal part of the CAV-2 penton base is also 15 amino acids shorter than that of hAdV-5. The currently unresolved Nterminal part of the penton base (amino acids 1 to 49) contains two highly conserved PPXY (where X is any residue) motifs implicated in interactions with host cell WW domain-containing ubiquitin ligases (21, 22) . In the mature virion, this region is probably located under the penton base, where it interacts with other viral capsid proteins (20, 45) . The PPXY sequences are also present in CAV-2, suggesting that these sequences are critical for some phase in the AdV life cycle (22) . The 15-amino-acid difference is too small to be interpreted in the EM map because it is in contact with other proteins on the inside of the virus capsid.
On the CAV-2 penton base, 9 out of the 10 residues involved in fiber tail-penton base interaction are conserved compared to hAdV-5 (Fig. 2C, indicated by blue bars) . The only difference is that histidine 494 of hAdV-5 is a glutamine in CAV-2. The fiber sequence that interacts with the base is also conserved: amino acids 13 to 19 follow the conserved sequence seen in hAdV (58) . The binding of the fiber to the penton base should therefore be very similar to that described for hAdV-2 (58).
The CAV-2 fiber contains two bends. The CAV-2 fiber is 542 amino acids long: the first 41 amino acids make up the tail, the central 320 amino acids comprise the shaft, and the last 182 amino acids form the knob (Fig. 3C) . In hAdV-5 each of the ϳ15-amino-acid repeats is 13 Å long (42) and induces a rotation of ϳ50°along the fiber axis (54) . Based on sequence analysis, Rasmussen et al. (41) predicted that the CAV-2 shaft had 18 repeats with 18 amino acids per repeat. Our sequence analysis suggests that there are 18.5 repeats (Fig. 3C) . The number of amino acids/repeat varies: seven repeats have the quintessential 15-amino-acid motif, the two repeats with 16 amino acids have the "extra" amino acid on the outside of the repeat, the three repeats with 17 amino acids have the extra amino acids inside the repeat, one repeat has 18 amino acids (extra internal), and two repeats have 19 amino acids (extra external). Two of the three longest repeats (21 to 22 amino acids) contain six or seven extra internal amino acids. All hAdV fiber sequences contain an irregular, long repeat near the N-terminal attachment site on the penton base, which has been linked to a possible bend at this position (42) . However, this irregular repeat tends to be the third repeat and not the fourth, as is the case for the CAV-2 fiber (9). The much longer fibers of BAV-3 and the avian chicken embryo lethal orphan virus have additional bends, also related to irregular repeats (25, 43) . Wu et al. (57) showed that such a 6-to 7-amino-acid internal insert can introduce a bend in the hAdV-5 shaft that may allow greater access of the penton base's integrin-interacting motifs to the cell surface (56).
As mentioned previously, the CAV-2 fiber was too flexible to be reconstructed by cryo-EM on the entire virion. To complete our structural analysis, we imaged recombinant CAV-2 fibers by negative staining (Fig. 3A) . After image averaging (the fiber head and the apical part of the different fibers are superposed but their N-terminal parts show the different positions they can adopt), we also found at least two bends in the shaft (Fig. 3B) . The location of the hinges correlates well with the 21-and To test the agreement of the EM data with the (i) suggested repeat alignment, (ii) dimensions of the predicted atomic structure, and (iii) locations and properties of the kink regions, we modeled the 3D structure of the fiber (Fig. 3D) . Recently, the crystal structure of the homotrimeric C-terminal CAV-2 fiber head (residues 361 to 542) was determined (47) . We also took advantage of two other known crystal structures of homologous proteins corresponding to different parts of the fiber to model its overall structure. The first structure that we used as a template was the C-terminal part of the hAdV-2 fiber containing four repeats of the shaft domain followed by the receptor-binding head domain (54) . This structure allowed us to model the last four repetitive elements of the CAV-2 fiber shaft and the region where this shaft is linked to the head domains. Most of the CAV-2 repeats are similar to those in hAdV-2, and, therefore, the crystal structure of the hAdV-2 repeats was used to model the remaining part of the CAV-2 fiber. The exceptions were repeats 4 and 10 ( Fig. 3C) having 7-and 6-residue insertions between two conserved ␤-strand motifs. These repeats were modeled by using the crystal structure of the reovirus attachment protein 1 (7). In the structure of 1, one repeat contains a similar 5-residue insertion. This insertion interrupts the progression of the regular ␤-spiral and introduces a bend into the 1 trimer. The structure of the insertion is loose, with slightly different main chain conformations in each monomer extended along the fiber axis. This structure was used to model the two longer repeats of CAV-2.
If our model is correct, the CAV-2 trimeric fiber should be about 330 Å long. The ␤-spiral is 280 Å long with two flexible bends and a C-terminal globular head domain contributing 50 Å (Fig. 3D) . This model, with respect to the number and location of the bends and the length, is in a good agreement with our EM data.
The CAV-2 hexon. The general dimensions and twist of the homotrimeric CAV-2 hexon are very similar to those of hAdV-5 (Fig. 4A) . Globally, the CAV-2 hexon sequence is shorter than that of hAdV-5 ( Fig. 4C ) (908 versus 952 amino acids) with all the differences located in the N-terminal half. The fit into the EM density of the CAV-2 hexon was carried out using the hAdV-5 X-ray structure (Protein Data Bank [PDB] 1P30) (Fig. 4B) . Because the loops that are absent in the hAdV-5 X-ray structure (Fig. 4C , blue bars above the sequence) often correspond to a deletion in the CAV-2 sequence, the fit was good, and only one loop stays outside the density (Fig. 4B, left) . This loop (amino acids 194 to 202 in hAdV-5 versus 153 to 161 in CAV-2) was visible in the atomic structure of the hAdV-5 hexon but not in that of the hAdV-2 hexon. The sequence just before this loop is absent in the CAV-2 hexon (Fig. 4B and C, region 2) , which could explain the absence of density in the EM structure. The structural rearrangement caused by this difference could fill the empty part in the CAV-2 EM hexon structure (Fig. 4B, asterisk) . Further, there is a 24-amino-acid gap after amino acid 144 (Fig. 4B and C, region 1) . This region is located on the top of the hAdV-5 hexon and was not ordered in the X-ray structure. This may explain the smoother shape of the CAV-2 hexon compared to the EM density of the hAdV-5 hexon (Fig. 4A,  right) . The last structural difference, also located on the top of the hexon, is likely caused by the significant sequence divergence around amino acid 310 (Fig. 4B and C, region 3 in the hAdV-5 sequence). Interestingly, the protruding structures in the hAdV hexons, which contain most of the epitopes recognized by anti-hexon antibodies (44) , are absent in CAV-2.
As mentioned above, we have been unable to complex CAV-2 vectors with divalent cations or lipoplexes, suggesting a more neutral charge of the external CAV-2 capsid. Because the capsid charge is dominated by the hexon charges, the data presented here support this prediction. For example, region 1 in Fig. 4C is composed mainly of negatively charged residues in hAdV-5, and, more generally, all the hAdV-5 loops that are missing in the CAV-2 capsid are rich in charged residues.
We also performed a multiple fitting on the capsid using four hexons surrounding the twofold axis of the virus. The regions involved in the interhexon contacts are the same as those previously determined for hAdV-5 (15) (Fig. 4C, bold lines) . Furthermore, in most cases, the amino acids are conserved between the two species. The four hexons present around the twofold axis in CAV-2 interact using the same five loops that are used in hAdV-5: loops 65 to 70, 292 to 296, 614 to 619, 674 to 676, and 683 to 690 in CAV-2 corresponding to loops 65 to 70, 340 to 344, 665 to 670, 725 to 727, and 734 to 741 in hAdV-5 ( Fig. 4B and C, bold lines) . Only the interaction region 2 (Fig.  4B) is absent in CAV-2.
Minor proteins. (i) Protein IX. A major difference in the 3D structure of hAdV and CAV-2 is located on the top of the triskelion structure attributed to the N-terminal domain of protein IX, where a rod-like density is present in CAV-2. This density is absent in the hAdV-5 reconstruction (Fig. 1B, arrow , and C and 5C). The sequence of protein IX is 25% shorter in CAV-2 than in hAdV-5 (105 versus 140 amino acids) (Fig. 5E) . By comparing the 3D reconstructions of CAV-2 and hAdV, we should be able to locate protein IX within the capsid. Fitting of hAdV-5 hexon X-ray structure (PDB 1P30) into the CAV-2 cryo-EM envelope. Either one hexon alone (left) or the four hexons surrounding a twofold axis (middle) have been fitted using SITUS and imaged at the same time in the EM density. On the right, only the bottom wall of the pseudo-atomic model of the four hexons is shown. In the hexon alone, three regions are indicated on the X-ray structure; they correspond to large differences in the sequence of CAV-2 compared to that of hAdV-5 (see below). The red loops and regions 1 to 3 in the single hexon on the left are discussed in the text and correspond to sequence elements 1 to 3 indicated in panel C. The star indicates a region in the EM density that is not filled by the density derived from the crystal structure, as discussed in the text. (C) Sequence alignment between the CAV-2 and hAdV-5 hexon bases. Conserved residues are in white text and highlighted in red; partially conserved residues are in red text. The loops not resolved in the X-ray structure are indicated by blue bars above the sequences. The amino acid sequences involved in the contacts between hexons as described by Fabry et al. (15) In 2005, Fabry et al. (15) published the 3D structure of the wild-type capsid of hAdV-5 as well as the 3D structure of a mutant virus with a deletion of protein IX. In the mutant structure the yellow and red densities shown in Fig. 5B were not present. At the time of that study the position represented by the red density was thought to be that of protein IIIa; the authors thus assumed that the lack of the red densities in the protein IX-deleted virus was due to a diminished stability of the capsid, i.e., the absence of protein IX could have resulted in the loss of protein IIIa (15) . Recently, Saban et al. (45) , using a 6-Å resolution map in which the ␣-helices in the capsid were visible plus secondary structure predictions, reassigned the red density to a four-helical bundle built from the Cterminal parts of four copies of protein IX. The triskelion structure was considered to be made up from the N-terminal parts of three copies of protein IX. The density for protein IIIa was reassigned to a highly helical density present underneath the penton base (45) . The reassignment of the position of the C-terminal domain of protein IX was confirmed by Marsh et al., who showed that a protein IX mutant virus with GFP added at the C terminus had an additional density above the reassigned position for the C terminus (33), i.e., the position of the red domains shown in Fig. 5C .
In the CAV-2 capsid ( Fig. 5A and B) , the triskelion Nterminal part of protein IX is present at the same position in the capsid as in hAdV-5 (Fig. 5C ). The notable difference between the two reconstructions is that in CAV-2 a cylindrical density is present on the top of the triskelion, whereas the red density observed in the hAdV-5 capsid (Fig. 5C ) was absent. The red density on top of the triskelion in CAV-2 ( Fig. 5A and B) has more or less the same dimensions as the red rods in hAdV-5. It is therefore likely that the cylindrical density on top of the triskelion in the CAV-2 structure is also the C-terminal domain of protein IX. This interpretation is reinforced by comparing the sequences of the two proteins. Protein IX is a two-domain protein consisting of an N-terminal part that contains some ␤-strands and a C-terminal, ␣-helical part, both parts being connected by a linker, as shown by sequence alignment and secondary structure prediction (Fig. 5E ). Saban et al. (45) did not detect any helices in the triskelion structure, confirming the assignment to the N-terminal domain of protein IX. This part of protein IX interacts with the hexon protein and should therefore be conserved. The N termini of the CAV-2 and the hAdV-5 sequences are the most similar between the two proteins (40% identity for the 52 first amino acids). However, the linker sequence (amino acids 40 to 81 in hAdV-5) is almost absent in CAV-2 (amino acids 39 to 53), and therefore the two domains must be close together in CAV-2. In contrast, in hAdV-5 the C and N termini could be quite far apart from each other, as suggested by Saban et al. (45) . Although the CAV-2 C-terminal part of protein IX is slightly smaller and different from that of hAdV-5, this region is still predicted to be helical and organized as a coil-coiled domain (Fig. 5E) . Therefore, we suggest that three C-terminal domains of protein IX make up the rod on top of the triskelion structure in the CAV-2 capsid. To test this hypothesis we performed cryo-EM and calculated a 3D reconstruction of a CAV-2 virion harboring a C-terminal pIX-GFP fusion protein (31) . While the quality of the reconstruction (25-Å resolution) is lower than that of the native CAV-2 capsid, it is good enough to recognize the triskelion, the cylindrical red density, and, at the top of that, a small extra density (Fig. 5D, green areas) . This latter density is smaller than the size of GFP, probably because it is flexible. The flexible linker between the C-terminal part of protein IX and GFP (30, 31) would allow movement, and therefore only the average position is visible in the 3D reconstruction. We believe that our combined data comparing the reconstructions of CAV-2 and the capsid harboring the protein IX-GFP fusion confirm the localization of the C-terminal domain of CAV-2 protein IX. Our results also confirm the assignment of Saban et al. (45) of the red rods in the hAdV structure shown in Fig. 5C as the C-terminal domain of human virus protein IX.
(ii) The interior of the capsid. (a) Protein IIIa. As mentioned above, based on a 6-Å EM reconstruction and secondary structure predictions (45), the hAdV protein IIIa was reassigned to a helix-rich density lying under the penton base. This density is also present on the inside of the CAV-2 capsid (not shown). It exhibits the same topology as the human protein IIIa: there is an arm bound to the bottom part of the penton base, and, more toward the inside of the capsid, a globular region which resembles an empty sphere is visible and of same size as in hAdV-5. The CAV-2 protein IIIa is slightly smaller than the hAdV-5 protein (567 amino acids versus 585), but except for the 15 first amino acids, the N-terminal part predicted to be ␣-helical is very conserved. The C-terminal part is notably different and smaller in CAV-2. However, at the present resolution we are unable to see such differences.
(b) Protein VIII. A total of 120 copies of protein VIII have been counted on the inner part of the hAdV-5 capsid (15) . The same number of proteins can be counted in CAV-2, and each interacts with four hexons (not shown). The density corresponding to protein VIII seems to be slightly smaller and less continuous in CAV-2 than in hAdV-5. The sequences of these proteins are very similar (more than 66% similarity or identity), and therefore the differences observed in the density are probably due to a lack of resolution.
Finally, there is also an extra density just under the CAV-2 penton base (Fig. 1B, circle) that is absent in the hAdV-5 structure, but at this stage it remains unassigned.
Conclusion. This work shows the first 3D structure of a nonhuman AdV. There are well over 100 AdV serotypes currently identified, with less than half of them human. We predict that this number of nonhuman AdVs is only the tip of the penton and the hexons are as described in panel A. Protein IX is in yellow (N-terminal part) and red (C-terminal part), and the extra density assigned to GFP is in green. (E) Sequence alignment of hAdV-5 and CAV-2 protein IX. Conserved residues are in white text and highlighted in red; partially conserved residues are in red text. The arrows and open bars represent predicted ␤-strands and ␣-helices, respectively, as given by the secondary structure prediction software (http://bioweb.pasteur.fr/seqanal/interfaces/predator-simple.html). The predicted coil-coiled is boxed into a rectangle.
VOL. 82, 2008
3D STRUCTURE OF CAV-2 3201
iceberg. We are just beginning to understand and uncover the potential of many of these viruses, in particular, of the nonhuman serotypes. Our study highlights the structural differences and similarities between hAdV-2/5 and CAV-2 and definitively localizes the N-and C-terminal parts of protein IX in this CAV-2 capsid. The molecular organization of the AdV capsid as it is known today is shown schematically in Fig. 6 . The CAV-2 penton base and hexon have fewer and/or smaller loops around the conserved bodies of these capsid proteins. In the hAdV-2/5 penton base these loops are involved in internalization via the integrin-interacting domain (34) , possibly binding coagulation factors (2) , and are targeted by the humoral immune response following infection (37) . The biological significance of many of the structural differences is likely to be complex. Yet we can now begin to rationally understand and resolve some of the CAV-2 enigmas. The capsid structure will allow us to rescan the external CAV-2 capsid for integrininteracting motifs that could possibly induce internalization.
Because of its C-terminal domain extending outside of the capsid wall, the CAV-2 protein IX may have an additional role during capsid disassembly at the nuclear pore by binding the anterograde motor kinesin (U. Greber, unpublished data). The smoother shape of the CAV-2 hexons and penton bases due to the lack of highly antigenic loops present in human serotypes explains the lack of cross-reacting human neutralizing antibodies (37) . Biologically active loops can be added onto the CAV-2 penton base and hexon at the sites where such loops are present in the human viruses. In particular, it will be interesting to add an RGD loop to the CAV-2 penton base at the same site where this is found in the human virus. Apart from adding loops to pentons and hexons, the specific position of the C-terminal domain of CAV-2 protein IX is an ideal site to position additional protein domains for specific interactions with host cells.
Finally, we may also be able to better understand and assay CAV-2 tropism by manipulating the rigidity of the flexible shaft of the fiber.
